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Abstract 
Coastal waters comprise only about 15% of the world's ocean area, 
yet account for nearly half of its primary and secondary production 
(WOLLAST 1991). This disparity can in part be traced to anthro- 
pogenic nutrient, specifically nitrogen (N), loading. Regionally, N- 
sensitive coastal waters are experiencing unprecedented nutrient- 
driven eutophication, deteriorating Water quality (i.e. hypoxia, anox- 
ia, toxicity), habitat loss and declines in desirable fish stocks and 
yields. In most coastal regions externally-supplied "new" nutrient 
inputs are growing, diversifying and changing as a result of urban- 
ization, industrial and agricultural development. In some cases (e.g. 
Eastern Europe), declining economic ondition shave led to a rever- 
sal of this scenario. A need exists to identify key nutrient sources 
(and changes therein) supporting eutrophication and its socio-eco- 
nomic consequences. While we are addressing and managing terres- 
trial (i.e. point and non-point source runoff) "new" nutrient inputs, 
key "out of sight out of mind" anthropogenic nutrient sources and 
their effects on eutrophication remain poorly understood and man- 
aged. These include atmospheric deposition and groundwater, which 
can account for as much as half the "new" N entering North Ameri- 
can (U.S. Atlantic East Coast) and European (Baltic Sea) coastal wa- 
ters. Here, I will examine these merging nutrient sources and their 
roles in shallow coastal biogeochemical and trophodynamics alter- 
ations. Technological nd conceptual tools and approaches aimed at 
improving our functional understanding of these and other "new" 
nutrient-eutrophication interactions are discussed. 
Introduction 
Shallow coastal waters are under the ever-increasing influ- 
ence of anthropogenic nutrient loading. Among externally- 
supplied or "new" nutrients, nitrogen (N) is the "currency" 
controlling primary production and eutrophication i  North 
American and European (Baltic, North Sea, Mediterranean) 
N-sensitive shallow estuarine and coastal waters (termed 
coastal waters) (RYTHER & DUNSTAN 1971; D'ELIA et al. 
1986; GRANt~LI et al. 1990; NIXON 1995). Because new N 
sources are growing, diversifying and changing, identifying 
and characterizing sources, their transport, biogeochemical 
and ecological fates are of prime concern in assessing and 
managing impacts of cultural eutrophication (hypoxia/anox- 
ia, toxicity, food chain alterations, fisheries declines). 
The most rapidly-growing (both in terms of input and geo- 
graphic scale) sources of anthropogenic N loading are atmo- 
spheric deposition (AD) and groundwater (GW). Approxi- 
mately 20 to 40% of new N input into coastal waters is of at- 
mospheric origin, virtually all of it attributable to growing 
agricultural, urban and industrial emissions (Table 1). AD 
alone contributes from 200 to over 1000 mg N • m -2 • y 1 in 
coastal waters (DvcE et al. 1991; PAERL 1993, 1995). The rela- 
tive contribution of AD-N to coastal N budgets will increase 
substantially aswe enter the next century, when nearly 70% of 
the US and more than 60% of the European human popula- 
tions will reside within 75 km of the coast. In North America, 
volatilization of ammonia from rapidly-expanding livestock 
and poultry operations in upwind watersheds represents an ad- 
ditional, growing source of"new" N in coastal waters. Global- 
ly, AD-N is a highly significant contributor to oceanic new N 
inputs, accounting for =35 TgN. y-l, compared to 30 TgN. y-1 
from runoff and riverine discharge, 5-10 TgN • y-1 for ground- 
water and --8 TgN- y-1 for biological nitrogen fixation (CoDts- 
POTI et al. 1999). In many regions, AD-N is the single most im- 
portant source of new N currently impacting the coastal zone. 
As such, it is imperative that we assess the biogeochemical and 
trophic ramifications of this previously "out of sight out of 
mind" source of new N. Increasing rates of new N deposition 
from this recently-recognized source may be linked to acceler- 
ating eutrophication a d an "epidemic" of harmful (toxic, hy- 
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Table 1. Estimated contributions of atmospherically-derived N 
(ADN) to the total "new" N inputs in diverse coastal waters. Data 
are based on either direct wet (D) deposition (i.e. dry deposition is
not included), or direct plus watershed-based in irect deposition 
(DI). Data from PAERL (1993). 
Receiving Waters % of "new" Deposition 
N as ADN Type 
Baltic Sea (Proper) >25% D 
Baltic Sea Region =40% DI 
Baltic Sea (Kiel Bight) 60% D 
Baltic Sea (Danish Coastal Waters) =35 % D 
North Sea (Coastal) =25 % DI 
Western Mediterranean Sea 10-60% DI 
Narragansett Bay, U.S.A. 5-20% DI 
New York Bight, U.S.A. =40% DI 
Chesapeake Bay, U.S.A. =35% DI 
Neuse River-Pamlico 28-38 % DI 
Sound, N.C., U.S.A. 
Atlantic Ocean Coastal 35-60% DI 
Waters, N.C., U.S.A. 
poxia/anoxia generating) algal blooms invading coastal waters 
and beyond (PEARL 1988; HALLEGRAEFF 1993). 
Biogeochemical, trophic, water quality and 
resource impacts of nutrient enrichment in 
coastal waters: current perspectives 
Nutrient enrichment impacts coastal resources in 2 distinct, 
but interrelated ways: biogeochemically and throphody- 
namically (NIXON 1995; RIEGMAN 1990; SMETACEK et al. 
1991). Biogeochemical impacts are defined as affecting 
material fluxes (e.g. C, N, organic matter). Trophodynamic 
impacts include alterations of primary producer and higher 
consumer level community composition (i.e. biodiversity), 
food web structure and function. The two types of impacts 
overlap in the context of ecosystem-level r sponses to nu- 
trient perturbation. For example, nutrient-enhanced prima- 
ry production leads to elevated rates of CO2 fixation, pro- 
duction and accumulation of phytoplankton, benthic mi- 
croalgal and macrophyte biomass. Accompanying this are 
increased rates of respiration and decomposition, which in 
turn affect [02] and [CO2], nutrient chemical forms and cy- 
cling characteristics. Typically, biodiversity is reduced as 
specific taxa able to most effectively exploit nutrient en- 
richment (i.e. "gulpers") and associated environmental 
changes (e.g. hypoxia, anoxia) outcompete l ss opportunis- 
tic species. 
Nutrient-enhanced acceleration of plant production,, ac- 
companied by a community change to rapidly-proliferating 
taxa is commonly referred to as eutrophication. Eutrophica- 
tion embodies numerous biogeochemical and trophic 
"feedback" loops (Fig. 1), each of potential consequence to
water quality, trophic and resource value of affected im- 
pacted waters. From a nutrient management perspective, 
both biogeochemical nd trophic ramifications of eutrophi- 
cation must be considered and weighed with respect o de- 
cision making based on the value of the resource (economi- 
cally and ecologically) and the cost of protecting and man- 
aging it. 
Coastal ecosystems undergoing eutrophication exhibit 
large spatial and temporal oscillations in production and 
consumption of organic matter, pO2 and pCO2, all of which 
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............... +++++...++++++++++ Fig. 1. Impacts of anthropogenical- ly-enhanced nutrient loading on 
coastal biogeochemistry, trophody- 
namics and water quality. Note the 
numerous potentially negative feed- 
backs which come into play in re- 
sponse to increased eutrophication 
(i.e. accelerating primary produc- 
tion). 
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Fig. 2. Schematic diagram of physical, 
chemical and biotic interactions in shal- 
low coastal ecosystems determining 
their trophic states and water quality. 
(Adapted from PAEaL 1997.) 
Optimally, we should manage for maximum production, 
while avoiding excessive 02 "sags" or depletion events, re- 
sulting in a loss of biodiversity and habitat, and the appear- 
ance and persistence of harmful (i.e. toxic, hypoxia/anoxia 
promoting) algal bloom species. To do this, we must under- 
stand physical (meteorological, hydrologial, morphologi- 
cal, optical) constraints or "forcing" on the ecosystem in 
question (Fig. 2). Estuarine and coastal "sensitivity" to the 
detrimental effects of eutrophication depends on physical 
features uch as morphometry, water etention and flushing 
rates, mixing depths and rates, transparency, temperature, 
salinity and resultant density gradients. The extent to 
which an ecosystem can assimilate and process nutrients 
and organic matter (i.e. assimilative capacity) and exhibit 
varying degrees of eutrophication is dependent on integrat- 
ing physical features with chemical and biological effec- 
tors (Fig. 2). 
Nutrient-driven eutrophication is not a "one way" propo- 
sition. Biogeochemical nd trophic alterations can, in turn, 
modify the habitat physically (e.g. altered light penetra- 
tion), chemically (sediment and water column nutrient re- 
lease and bioavailability), and biologically (hypoxia and 
anoxia related to habitat alteration, grazing, mutualistic and 
symbiotic interactions). These feedbacks can have large 
"internal" impacts on nutrient cycling, growth and produc- 
tion. Ecosystem-level physical-chemical-biological model- 
ing will prove valuable in parameterizing and predicting 
eutrophication potentials based on externally-supplied 
"new" and internally regenerated nutrient input and cycling 
dynamics. This is a critical ingredient for meaningful and 
effective management of coastal water production, nutrient 
and biomass assimilative capacity and resultant water qual- 
ity. 
Identifying sources, routes and fates of 
"new" nutrients in coastal waters 
We need to identify sources, routes and fates of AD-N as 
they impact coastal water quality, biotic and economic sus- 
tainability. It is clear that AD and GW sources and fates do 
not stop at international boundaries; therefore, assessment 
tools and management approaches must minimally be re- 
gional in scale. 
Atmospheric deposition of nitrogen 
Regional anthropogenic a tivities responsible for AD-N in- 
clude: fossil fuel combustion and biomass burning (NO2-1/ 
NO3 -1, NH3/NH4+), agricultural waste and fertilizer vola- 
tilization (NH3) , and unknown sources of dissolved organic 
nitrogen (DON) (BuIJSMAN et al. 1987; TIMPERLEY et al. 
1987; DUCE et al. 1991; CORNELL et al. 1995). GW-N sources 
include seepage of urban and agricultural wasters and fertil- 
izers (NO3-, NH4-, DON). Changing (largely increasing) 
amounts of these biologically "reactive" forms of N reflect 
altered demography, industrial and agricultural activities 
(RODHE & ROOD 1986; GALLOWAY et al. 1994). We are con- 
cerned about both amounts and composition of AD-N and 
GW-N inputs, since they profoundly impact algal production 
and community composition (e.g. harmful vs. non-harmful 
algal blooms). 
A chief source of atmospheric-N emitted from agricultur- 
al (animal operations) waste is ammonia (BuIJSMAN et al. 
1987). In Western European and North American animal op- 
erations involving wastewater lagoons or terrestrially-ap- 
plied wastes, it is estimated that approximately 25 to over 
70% of the nitrogen discharged may be "lost" as volatilized 
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NH3 (SOMMER et al. 1993). In Western Europe, NH 3 
volatilization is now recognized as one of the most important 
sources of N enrichment threatening surface water quality in 
N-sensitive stuarine and coastal waters (ASMAN et al. 1994). 
PAERL et al. (1995) showed that coastal rainfall collected at 
Morehead City, N.C., U.S.A. (UNC-IMS) can, at times, ex- 
hibit very high concentrations of ammonium (>75 ~M). 
High ammonium rainfall appears to be associated with local 
weather and storm fronts from agricultural regions to the 
west, while storms of oceanic origin (east) contain only 
traces of ammonium. We suspect hat agricultural emissions 
may, in part, be responsible for elevated ammonium levels in 
rainfall. 
Fossil fuel combustion and biomass burning release large 
quantities of nitrogen oxides (NOx), which in many regions 
comprise the single largest component of AD-N (DucE et al. 
1991; PAERL 1995). Dominant sources of NOx include; auto- 
mobiles, electric power plants, forest, range and cropland 
burning (GALLOWAY et al. 1994). As a nutrient, NOx (NO2 -~ + 
NO3 -1) is readily assimilated by phytoplankton and attached 
plants. This AD-N source has increased most rapidly in de- 
veloping countries. 
The dynamics of the generation, transport and fate of 
these relatively large atmospheric N sources require assess- 
ment in the context of managing large scale biogeochemical 
and trophic impacts. This appears to be a task well-suited for 
stable isotope analysis. Fortuitously, the isotopic "signature" 
(5 15N) of dominant N species implicated in atmospheric 
emission of animal wastes (NH3/NH4 +) and fossil fuel com- 
bustion (NOx) are quite distinct (in the case of NH4 + very 
negative, on the order of -7  to -12) from other anthropogeni- 
cally-generated N sources (i.e. fertilizers, sewage) currently 
being discharged in surface and groundwater (HEATON 
1986). The unique "signature" of atmospherically-derived 
ammonia/ammonium can serve as a "tracer" of the genera- 
tion, transport and fate of this important N source (PAERL & 
FOGEL 1994) (Table 2). In combination with rainfall and 
Table 2. Stable nitrogen isotope (5 15N) values (ranges hown) for 
dominant externally-supplied (new) and internally-supplied (i.e. re- 
generated) N sources in coastal waters. 
N Source ~ 15N 
N2 in air 
Remineralized NH4 (estuarine) 
Sewage Effluent: NH4 + 
NO 3- 
Agricultural Land Runoff 
Fertilizers (Synthetic) 
Atmospheric Deposition: NH4 + 
NO3- 
0.0 
+10.0 to + 16.0 
+5.0 to + 11.0 
+5.0 to +10.0 
+8.0 to + 10.0 
-2.0 to +2.0 
-13.0 to +2.0 
-5.0 to +2.0 
References: VELINSKI et al. (1989); FOGEL & CIFUENTES (1993); 
PAERL et al. (1993). 
runoff ammonium concentration and loading determina- 
tions, we now have the technical capabilities for assessing 
the butgetary and environmental impacts of these N sources 
on the ecosystem level. 
Groundwater 
The advent of "modem" agricultural practices, urbanization 
and industrialization have brought unprecendented use and 
contamination of groundwater. In coastal regions, relatively 
shallow aquifers, combined with concentrated human activi- 
ties, haveput intense pressure on this resource. The use of 
groundwater for drinking, industrial and agricultural (i.e. ir- 
rigation) purposes, combined with ever-increasing applica- 
tions of synthetic and organic fertilizers, wastes and xenoN- 
otic compounds has led to rapid nutrient enrichment of 
groundwater. This is especially true for nitrogen, akey com- 
ponent of fertilizers and wastes, whose chemical forms are 
largely mobile and biologically-reactive. While our under- 
standing of the biogeochemistry of N and other nutrients in 
groundwater is rudimentary, coastal aquifers residing near 
anthropogenic N sources reveal varying levels of N contami- 
nation, ranging from mM to M concentrations (CAPONE & 
BAUTISTA 1985; CHURCH 1996). Groundwater N input (into 
coastal waters) budgets are not well-established; however, 
this "new" N source can be quantitatively significant (Jo- 
HANNES 1980; CAPONE & BAUTISTA 1985). Groundwater in- 
puts into the coastal South Atlantic Bight (Georgia-South 
Carolina) may be equivalent to riverine discharge (MOORE 
1996). Clearly, groundwater inputs should be factored into 
shallow coastal nutrient (especially N) budgets. 
The relative importance of GW as a source of "new" N is 
growing. This is particularly true in the coastal agricultural 
regions of the mid-Atlantic supporting expanding irrigated 
row-crop, silviculture, livestock and poultry operations. 
With respect o the latter, coastal North Carolina offers a 
prime example of groundwater N enrichment from a rapidly- 
expanding animal industry. Within half a decade, a signifi- 
cant portion (N25%) of North Carolina's Coastal Plain has 
been converted from forest and row-crops (corn, soybeans, 
tobacco) to animal (mostly swine and poultry) operations; a 
growing percentage of this region's urface area is now cov- 
ered with animal wastewater lagoons and adjacent fields on 
which wastes are directly applied as a source of fertilizer. 
While approximately 1 million production hogs existed in 
1990, the current count is approximately 10 million; most are 
concentrated near the coast. Hogs now outnumber humans 
by a factor of 2.5. This "explosion" of animals has created a
huge waste problem which to date remains largely unre- 
solved. Wastewater lagoons and land-applied waste have 
been shown to lose substantial mounts of N to groundwater. 
While land-based animal waste applications are a relative- 
ly new phenomenon i the U.S. Atlantic coastal region, this 
practice has long been in place in Europe's coastal regions 
(Benelux, France, U.K., Germany, Denmark, Poland). 
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Recognition of the problem has led to improved management 
in some regions, with marked reductions in groundwater N
contamination. In regions experiencing agricultural econom- 
ic downtums (Eastern Europe), groundwater N contamina- 
tion has decreased. Groundwater N contamination continues 
to be an unabated and growing problem in the U.S. and other 
agriculturally and industrially "developing" countries. 
Nitrogen is not be the only accelerating "new" nutrient 
source to which estuarine and coastal waters exhibit sensitivi- 
ty. Iron, a variety of trace metals and to a lesser extent phos- 
phorus are also deposited via anthropogenically-enhanced at- 
mospheric and groundwater inputs (CHURCH et al. 1984). Iron 
additions to some pelagic and coastal oceanic waters are capa- 
ble of stimulating primary production. Fe and N may interact 
in a synergistic manner in these waters to enhance primary 
production (MARTIN et al. 1994; TAKEDA et al. 1995; PAERL et 
al. 1999) and alter phytoplankton community composition 
(D~'TuLuo et al. 1993). Fossil fuel combustion, industrial and 
agricultural emissions, and desertification (as a result of 
changing land use and vegetation removal) all enhance atmo- 
spheric and groundwater Fe and other trace metal emissions 
and discharges. 
These hitherto-neglected, but potentially-important, 
means of stimulating coastal primary production require ex- 
amination and evaluation. The functional and geographic 
linkage to accelerating eutrophication and the increased fre- 
quency of diverse of phytoplankton blooms should be inves- 
tigated. Research and management questions addressing this 
issue include: 
1) What are the stoichiometric and functional relation- 
ships between externally-supplied "new" nutrient inputs and 
eutrophication? 
2) Is there a functional link between increased "new" nu- 
trient inputs and harmful phytoplankton bloom taxa? 
3) Are there unique properties of "new" nutrient sources 
(N, Fe, trace metals) and combinations thereof, that make them 
effective agents for supporting harmful blooms and associated 
water quality degradation (hypoxia, anoxia, toxicity)? 
4) What sequences of nutrient loading events are neces- 
sary for accelerating eutrophication, initiating and sustaining 
algal blooms? How do acute and chronic "new" and regener- 
ated loading events translate into enhanced phytoplankton 
community alterations and bloom formation? 
5) What are the relevant spatial (cm, m, kin, 100's of kin, 
etc.) and temporal (rain, h, d, yr, decades, etc.) scales of nu- 
trient-production interactions we must consider for appropri- 
ately assessing, modeling and managing eutrophication dy- 
namics in shallow coastal environments? 
6) What roles do synergistic interactions of physical, 
chemical (nutrient) and biotic (grazing, nutrient regenera- 
tion, consortial interactions) factors play in coastal eutrophi- 
cation dynamics? 
7) What microbiological, molecular, analytical and geo- 
chemical tools are available and suitable for addressing the 
above-mentioned research and management questions? 
8) How can we best use and integrate xisting and evolv- 
ing remote sensing (aircraft, satellite) technologies to link 
process research to large scale, synoptic nutrient-production 
interactions? 
What is needed from a coastal research 
and management perspective? 
Because ADN and GW represent large and growing sources 
of "new" N, the dynamics of their formation, transport, de- 
position and utilization must be clarified and incorporated in
management s rategies aimed at controlling and reversing 
cultural eutrophication. Relevant methods, research and 
management approaches are outlined below. 
1) Tools and technologies capable of identifying and 
tracing local and regional N sources as they impact coastal 
water quality. Dominant new N inputs exhibit unique stable 
N isotope (5 15N) "signatures", which may be utilized as trac- 
ers. 
2) A functional understanding of how new N (and other 
nutrient) inputs translate into coastal production and food 
web alterations. Diagnostic plant pigment, physiological and 
molecular (immunochemical and nucleic acid-based) identi- 
fication and characterization tools are increasingly-available 
for this purpose. 
3) Complementing technologies with appropriate (i.e. 
scale and sensitivity) remote sensing and land use characteri- 
zation (GIS) approaches so that we can we link specific N in- 
puts to coastal biogeochemical nd trophic changes. Appli- 
cations of these technologies will also facilitate regional 
comparisons of nutrient-production interactions. 
4) Determine to what extent nutrient impacts on coastal 
production are local, regional or global phenomena. 
5) Determine the economic and social costs and trade- 
offs of water quality management s rategies based on the 
above approaches and resultant criteria. 
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